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Abstract

The drying and quality characteristics of banana slices processed with a sequential infrared radiation and freeze-drying (SIRFD) method were
investigated. Cavendish bananas slices with 5 mm thickness were predehydrated using IR heating at each one of three radiation intensities, 3000,
4000, and 5000 W/m? or hot air at 62.8 °C. The predehydrated samples with 20% and 40% weight reductions obtained using 4000 W/m?> IR
intensity were then further dried using freeze-drying for various times to determine the effect of predehydration on the drying rate during
freeze-drying. To improve the quality of dried banana chips, the banana slices were also treated with a dipping solution containing 10 g/l
ascorbic acid and 10 g/l citric acid before the IR predehydration. Control samples were produced using regular freeze-drying without the pre-
dehydration. The quality characteristics of dried banana chips, including color, thickness shrinkage and crispness, were evaluated. The prede-
hydration results showed that the drying rate of IR heating was significantly higher than the hot air drying and increased with the increase of IR
intensity. For example, it took 10 and 38 min to achieve 40% weigh reduction by using IR at 4000 W/m?> and hot air drying, respectively. How-
ever, the banana slices with IR predehydration dried slower during freeze-drying compared to the samples without predehydration, which was
due to texture changes that occurred during the predehydration. Acid dipping improved product color and also reduced freeze-drying time com-
pared to non-dipped samples. It has been concluded that SIRFD can be used for producing high crispy banana chips and additional acid dipping
improved product color and reduced required freeze-drying time.
© 2008 Swiss Society of Food Science and Technology. Published by Elsevier Ltd. All rights reserved.
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1. Introduction (Maskan, 2000). The major disadvantages of hot air drying

are low energy efficiency and lengthy drying times during

Banana is one of the important high sugar tropical fruit
crops grown in many countries and is very susceptible to qual-
ity deterioration. Conventional hot air drying, which is the old-
est method used in food preservation, has been widely applied
for drying bananas. Due to the high sugar contents in bananas,
drying them normally requires high temperatures and pro-
longed drying times, which can cause serious adverse changes
in flavor, color, texture and nutrients of the finished products
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the falling rate period. Because of the low thermal conductiv-
ity of food materials in the falling rate period, heat transfer to
the inner sections of foods during conventional heating is lim-
ited (Feng & Tang, 1998).

Freeze-drying (FD) has been studied and used as a single
process or in combination with other techniques to minimize
the adverse quality changes associated with dried products
(Hammami & Rene, 1997; Lin, Durance, & Scaman, 1998;
Lin, Tsen, & King, 2005; Shishehgarha, Makhlouf, & Ratti,
2002). During freeze-drying, the freezing of the product
stiffens its structure and subsequently prevents solute and lig-
uid motion (Levine & Slade, 1989). The product from freeze-
drying should be much crisper than the product from hot air

0023-6438/$34.00 © 2008 Swiss Society of Food Science and Technology. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.1wt.2008.01.019


mailto:zpan@pw.usda.gov
http://www.elsevier.com/locate/lwt

Z. Pan et al. | LWT - Food Science and Technology 41 (2008) 1944—1951 1945

drying. Despite its capability of providing a very high quality
dehydrated product, freeze-drying is an expensive method
which limits its wide utilization by the food industry. Thus,
the use of freeze-drying by the food industry is normally re-
stricted to high value products, such as coffee, crispy fruits
and vegetables, ingredients for ready-to-eat foods and some ar-
omatic herbs.

Infrared (IR) heating offers many advantages over conven-
tional hot air drying. When IR is used to heat or to dry fruits,
the radiation impinges on the exposed fruit surfaces and pen-
etrates to create internal heating with molecular vibration of
the material, and the energy of radiation is converted into
heat (Ginzburg, 1969). The depth of penetration depends on
the composition and structure of the fruits and also on the
wavelengths of IR radiation. When the food is exposed to IR
radiation, the electromagnetic wave energy is absorbed di-
rectly by the dried food with low energy loss. It has been re-
ported that the drying rate for food materials using IR
heating is higher compared to conventional hot air drying
and increases with increased power supply to a far infrared
emitter (Masamura et al., 1988). The IR heating allows more
uniform heating of fruits resulting in better quality character-
istics than other drying methods (Nowak & Lewicki, 2004;
Sakai & Hanzawa, 1994).

Combination of IR radiation with convection heating and/or
vacuum has also been studied (Abe & Afzal, 1997; Hebbar,
Vishwanathan, & Ramesh, 2004; Kumar, Hebbar, Sukumar,
& Ramesh, 2005; Mongpraneet, Abe, & Tsurusaki, 2002).
The combined infrared radiation and hot air heating is consid-
ered to be more efficient over radiation or hot air heating alone
as it provides a synergistic effect. Afzal, Abe, and Hikida
(1999) reported that the use of combined far infrared radiation
and hot air drying resulted in faster drying and considerably
less energy consumption than using hot air drying alone.
A combination of IR and freeze-drying was also studied for
drying sweet potato (Lin, Tsen, & King, 2005).

Since it offers higher drying rate and better color retention
in the products than other drying methods (Nowak & Lewicki,
2004; Sakai & Hanzawa, 1994), IR drying may be used as
a predehydration method before freeze-drying. A sequential
infrared radiation and freeze-drying (SIRFD) method has
been investigated in this research as a means for producing
high quality, crispy, dried banana chips with an aim at reduc-
ing drying time leading to reduce energy consumption. The
SIRFD method is a two-step drying process of infrared prede-
hydration followed by freeze-drying. In our other drying study,
it has shown that using the SIRFD could effectively reduce the
freeze-drying time and overall drying time, as well as improve
the crispness of strawberry slices (Shih, Pan, McHugh, Wood,
& Hirschberg, 2008).

Dipping treatment is one of the effective methods that can
be used to minimize the enzymatic browning in fruits and veg-
etables. Chemical compounds, such as ascorbic acid and citric
acid, have been well studied and used in the food industry
(Demirel & Turhan, 2003; Doymaz, 2004). Ascorbic acid is
an antioxidant that keeps fruit from darkening during drying.
Citric acid also acts as antidarkening agent (Zhu, Pan, &

McHugh, 2007). It is reasonable to consider using such dip-
ping treatment before IR predehydration to improve the color
of dried bananas.

The objectives of this study were to investigate the drying
characteristics of banana slices using the SIRFD method and
evaluate the effects of IR predehydration and dipping treat-
ment on the quality of freeze-dried crispy banana chips.

2. Materials and methods
2.1. Materials

Cavendish bananas at color stage #6 were obtained from
a local supermarket. Prior to drying, the bananas were first
peeled and cut into 5 mm thick slices. Some sliced samples
were dipped in a solution containing 10 g/l ascorbic acid and
10 g/l citric acid for 1 min before any drying treatment, which
was adopted based on a practice used in the food industry. The
banana slices were dried using various methods including IR,
hot air, and freeze-drying. Banana initial moisture content was
73.0 g moisture/100 g wet weight.

2.2. Moisture content determination

To determine the moisture content of the fresh and dried ba-
nana samples, banana samples of 10—15 g were placed in pre-
weighted aluminum weighing dishes and dried according to
AOAC Official Methods of Analysis (1995) (70 °C for 48 h
at 29 Hg vacuum) in a vacuum oven (Model No. VOI218A,
Lindberg/Blue, Asheville, NC). The dishes were removed
and weighted after 48 h drying. The balance used for the mea-
surement had an accuracy of 0.01 g (Model No. 602, Denver
Instrument Co., Arvada, CO). Three samples from each trial
were used for the moisture determination and the average
moisture content is reported.

2.3. Experimental design and drying procedures

To compare the drying characteristics of IR and hot air dry-
ing, banana slices were dried at three IR intensities, 3000,
4000, and 5000 W/m? and hot air at 62.8 °C. The weight
changes were measured every minute using a digital balance
during the drying. The 3000 W/m? IR intensity had lowest
drying rate among the tested intensities. The 5000 W/m?* IR
intensity had the highest drying rate, but it caused discolor-
ation of finished products at high weight reduction levels.
Therefore, only 4000 W/m? was then selected for producing
predehydrated samples for freeze-drying. Both dipped and un-
dipped samples were dried using IR to remove 20% and 40%
of the initial weight. The weight reduction levels were deter-
mined for reasonably maintaining the texture integrity without
causing too much shrinkage after IR drying. The predehy-
drated samples and a control sample without predehydration
were further dried using freeze-drying to a final moisture con-
tent of about 5 g moisture/100 g wet weight for quality evalu-
ation. The evaluated quality parameters included color,
thickness shrinkage and crispness. All drying experiments
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were conducted in triplicate and the data reported in Section 3
are average values.

2.4. IR and hot air predehydration

A catalytic infrared (CIR) dryer/dehydrator equipped with
two catalytic IR emitters powered with natural gas (Catalytic
Infrared Drying Technologies LLC, KS) was used in this
study. The CIR dryer consisted of infrared emitters of area
30 x 60 cm with a wave guard around the IR emitters to pre-
vent infrared radiation from escaping and to keep heating uni-
form. With the wave guard, the heating area was 34 x 64.5 cm.
The drying tray was placed in between the two IR emitters in
parallel position of the emitter face. Banana slices were heated
from both the top and bottom sides. An automatic data acqui-
sition and control system developed in our laboratory was used
to control and record various operation parameters. The sche-
matic diagram of the equipment is shown in Fig. 1. The IR
dryer was operated with a continuous heating mode. For the
continuous heating, the natural gas was continuously supplied
to the emitters. The continuous heating could take advantage
of delivering high heat to the product in a relatively short
time for quick drying. The change in sample weight during
the drying process was measured using a digital balance until
at least 40% weight reduction was reached.

Banana slices were arranged in a single layer on the drying
tray (metal screen) which was sprayed with PAM cooking
spray to prevent bananas from sticking to the tray. The banana
slices were placed within the confines of the wave guard at
a loading rate of approximately 2.1 kg/m”. After infrared pre-
dehydration, the banana slices were transferred to wax paper
by flipping the drying tray and then transported to a large scale
air blast freezing system with temperature of —18 °C.

For comparison, a hot air dryer of Proctor & Schwartz Cab-
inet Dryer (Product code 062, Proctor & Schwartz, Inc., Hor-
sham, PA) was also used to dry the banana samples to obtain
the drying curve. The hot air dryer was set at 62.8 °C and the
sample weight changes were also measured using a digital bal-
ance during drying.

Balance
Gas flow
regulator valve
N < Natural
1 gas In
e T e\
Product Computer
T T T T Drying tray

Fig. 1. Schematic diagram of the catalytic infrared dryer.

2.5. Freeze-drying

The dipped and undipped frozen samples with 20% and
40% weight reductions achieved with IR heating and the con-
trol samples were removed from the freezer after they were
completely frozen and then placed in a pilot scale freeze dryer
(VirTis Ultra\VirTual Series EL unit). The freeze dryer was
operated in shelf driven mode, which was controlled based
on shelf temperature, and run with programmed procedures.

In order to determine the drying characteristics of the ba-
nana slices during freeze-drying, the samples were dried for
various times of up to 40 h. The samples were weighed at
the end of each time period and the moisture content was cal-
culated and reported. The samples with moisture content
higher than 5 g moisture/100 g wet weight were further dried
to obtain a similar moisture content for all samples used for
quality evaluation.

2.6. Quality evaluation

2.6.1. Color

L.a.b. color measurements of banana sliced before and after
drying were performed using a Minolta CR-200 reflectance
colorimeter (Minolta, Japan). To obtain representative color
of the samples, the dried banana samples were ground to pow-
der using a small-scale blender to obtain all particles that
passed a 100 mesh screen. A sample of 1 g of banana powder
was put in a 5 cm diameter plastic Petri dish. The lens of the
colorimeter covered with a plastic wrap was directly placed on
banana powder to measure the color values. Three measure-
ments for each sample were performed and average value is
reported.

2.6.2. Thickness shrinkage

The thicknesses of the fresh and dried samples were mea-
sured using a Cen-tech electronic digital caliper (Harbor
Freight Tools, Camarillo, CA). The percentage shrinkage
was determined based on the initial and final thickness. Ten
pieces of banana samples from each drying treatment were
measured and the average thickness shrinkage is reported.

2.6.3. Crispness

Crispness is attributed to intermolecular bonding of starch
forming small crystalline-like regions when little water was
present. These regions require force to break apart, which
gives the food a crispy texture. The detailed definitions and
calculation methods of crispness were adopted from Texture
Technologies (1998). Crispness was evaluated using
a TA.XT2 Texture Analyzer (Texture Technologies Corp.,
North America). Dried banana samples were tested using
a Y, " diameter ball probe and an accompanying chip/cracker
fixture (TA-101). A “pipe” cylinder with an outside diameter
of 25 mm and an inside diameter of 18 mm was mounted on
the plate component of the TA-101 to support a banana piece
for the test. The measurement settings on the Texture Analyzer
were pre-test speed of 3.0 mm/s and test speed of 5.0 mm/s.
The values of initial slope, indicating crispness, were
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measured and calculated. Five replicates for each treatment
were performed.

2.7. Scanning electronic microscopy (SEM)

In order to evaluate the structural changes of banana slices
by the different drying methods and better understand the
mechanism of water transport during drying, electron micros-
copy studies of the cross section of dried banana samples were
performed. Selected dried banana samples were carefully cut
using sharp razor blades (Feather, Ted Pella, Inc., Redding,
CA) to expose a fresh cut surface of the cross section. Speci-
mens were mounted onto aluminum stubs using double-coated
carbon tabs (Ted Pella, Inc., Redding, CA), sputter-coated
with gold-palladium using a Denton Desk II sputter coating
unit (Denton Vacuum, Moorestown, NJ) and photographed
in a Hitachi S-4700 field emission scanning electron micro-
scope (Hitachi, Japan) at 2 kV. Digital images were captured
at 1280 x 960 pixel resolution with 40x of magnification.

2.8. Statistical analysis

Analysis of variance (ANOVA) and the test of mean compar-
ison according to Tukey’s honest significant difference (HSD)
were conducted with the level of significance of 0.05. The statis-
tical software, SAS System for windows, version 9.0 (SAS insti-
tute, Cary, NC), was used for the analysis. The parameters of
nonlinear model were calculated using SigmaPlot (Scientific
Graphing Software, version 3, Jandel Corporation).

3. Results and discussion
3.1. Heating and drying rates of IR and hot air drying

The heating rate of banana slices was closely related to the
IR heating intensity. The high radiation intensity allowed for

faster temperature increase in product (Fig. 2). With radiation
intensity of 5000 W/m?, the center temperature of product
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Fig. 2. Temperature of banana under different radiation intensities (RI — radi-
ation intensity).
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Fig. 3. Drying rates of different drying methods and conditions of banana slices.

reached a temperature of close to 100 °C after 3 min of heating
compared to about 5 min for 4000 W/m?. But the heating rate
less than 3000 W/m? was very low. If fast heating is desired, it
is essential to use high IR intensity.

The IR drying tests showed much higher drying rates
throughout the course of drying than the hot air drying
(Fig. 3). Since infrared radiation directly penetrated into the ba-
nana and did not heat the surrounding air as that in the hot air
drying, infrared drying rate was much higher than the hot air dry-
ing. Therefore, the drying rate of the infrared radiation was
much higher than that obtained from the hot air drying.

The drying rates varied with the radiation intensity as ex-
pected. In infrared drying tests, there was an absence of or
very brief appearance of a constant rate period. This could
be because of the quick drying on the surface of products at
high temperature. The hot air drying tests showed more of
a distinct immediate entrance into the falling rate period.

The sample weight reduction results also showed that the
IR drying was much faster than that in hot air drying
(Fig. 4). For example, the IR heating took 3.1 and 6.2 min
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Fig. 4. Weight reduction of banana samples with IR and hot air drying.
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to obtain a 20% and 40% weight reduction with 5000 W/m?
radiation intensity as compared to 11.2 and 37.3 min for hot
air drying, respectively. This was a 72.3% and 83.4% time re-
duction or improvement of processing efficiency for the 20%
and 40% weight reduction, respectively.

The rate of weight reduction increased with the increase in
radiation intensity. It took 15.9, 9.5 and 6.2 min to achieve
40% weight reduction with the radiation intensities of 3000,
4000, and 5000 W/m2, respectively. This could be because
more heat was absorbed by the banana slices at a higher IR
intensity.

Nonlinear regression equations were developed for predict-
ing the weight reduction with the three radiation intensities at
a given time (Egs. (1)—(3) for radiation intensity at 3000,
4000, and 5000 W/m?, respectively).

WR = —0.0559¢ + 3.4956¢ (1)
WR = —0.06417 + 4.698¢ (2)
WR = —0.11537 + 7.0529¢ (3)

where WR is the weight reduction (%) and ¢ is the time (min).
The predicted weight reduction fits well (R* =0.99) with the
experimental weight reduction (Fig. 4). Therefore, the empir-
ical regression equations can be used to predict the weight re-
duction under known drying process conditions.

3.2. Freeze-drying characteristics

For preparing the freeze-drying sample, radiation intensity
of 4000 W/m? was selected to pre-dry the banana slices due to
better control of desired weight reduction and better appear-
ance in the pre-dried banana slices. The results of freeze-drying
process showed that infrared radiation predehydration of ba-
nana slices did not reduce the required freeze-drying times
to reach a specific moisture content as compared to the regular
freeze-drying without predehydration (Fig. 5). The samples

—+—RegFD —— SIRFD 4000-20

—=&— SIRFD 4000-40 ---¢---- acid dippedReg FD

---@--- acid dipped SIRFD 4000-20  ----A---- acid dipped SIRFD 4000-40
0.90

0.80
0.70 o

0.60 “ﬁ\:\
0.50 rm.\\
\\

040

0.30

Moisture Content
(g moisture/gwet weight)

0.20

0.10

0.00

0 5 10

Time (hr)

Fig. 5. Freeze-drying curves of all drying methods and treatments for banana
slices.

with 20% and 40% weight reductions and no dipping treat-
ment took 23 and 38 h to achieve the final moisture content
of 5 g moisture/100 g wet weight compared to 21.1 h for the
non-predehydrated (regular FD) sample. The results were op-
posite from what has been observed with strawberry slices in
our other studies (Shih et al., 2008). This could be due to
shrinkage or crust formation during the predehydration of ba-
nana samples, which was confirmed by the micrographs of the
dried banana from SEM.

The regular freeze-dried banana (Fig. 6a) had uniform and
small porous structure, but no damage and disruption of cellu-
lar walls at the heated surface. On the other hand, the IR pre-
treated samples with 20% WR (Fig. 6b) and 40% WR (Fig. 6¢)
showed collapse of cellular tissue in the surfaces of the banana
slices, forming a crust on the surfaces of the banana slices.
This is as expected since the surfaces were exposed to heat
during drying. Crust formation is more apparent in higher
weight reduction. The formation of crust resulted in reduced
drying rate during freeze-drying. It was also observed that
large pores existed in the center region of the banana slices
with 20% weight reduction, which could be due to water vapor
created during IR drying. The water vapor forced the expan-
sion of the cellular tissue and pores. However, when the ba-
nana slices were further dried to 40% weight reduction, the
pores were collapsed. The crust formation and changes in
the pore sizes could affect the quality characteristics of the
dried banana chips.

It was observed that the acid dipping treatment prior to IR
drying improved the drying rate during freeze-drying com-
pared to the samples without the dipping treatment (Fig. 5).
The reason could be because the acid treatment washed out
some starch, sugar and protein from the surface of banana sli-
ces, resulting in formation of more porous surfaces. However,
the effect of improving drying rate was mainly observed dur-
ing the early drying stage. The dipped samples with 20%
weight reduction in IR predehydration required 2 h less than
regular freeze-drying to achieve 5 g moisture/100 g wet
weight in the finished products. But, the drying rate of the
samples with 40% weight reduction in predehydration was
much lower than regular freeze-drying even with the dipping
treatment. More studies need to be done to further characterize
and explain the effect of the acid treatment on the drying rate.

3.3. Color

Table 1 shows the results of color measurements of fresh
and dried banana samples. The L color parameter indicates
whiteness of the product. The b color parameter measures
the yellowness of the product. The a parameter is reported
as a reference even though it is not closely related to the color
quality of dried bananas. Preferred colors are light or light
golden color. In general, the drying treatment resulted in sig-
nificantly improved whiteness (increased L value). But the yel-
lowness of IR dried samples was stronger than the fresh and
regular freeze-dried samples resulting in a golden color tone
of dried products.
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Fig. 6. SEM of cross section of dried banana slices with no acid treatment under different drying methods. (a) Regular FD, (b) IR predehydration, 20% weight

reduction, (c) IR predehydration, 40% weight reduction.

When the weight reduction in predehydration increased, the
L values decreased and values of a and b increased, which
could be due to extended IR drying time causing browning.
The results indicated that the yellow color developed at high
weight reduction level with IR heating. When the acid dipping
treatment was used, the samples had much whiter appearance
compared to the undipped samples. Such color appearances
can also be seen in Fig. 7. Likewise, the regular FD sample
has less yellowness than the SIRFD samples. The results of re-
duced discoloration in acid dipped slices were similar to that
observed in the study of air drying of Dwarf Cavendish and
Gros Michel banana slices by Demirel and Turhan (2003).

3.4. Thickness shrinkage

Banana thickness shrinkage was evident in all drying
methods and conditions used in this study (Fig. 8). Statistical

Table 1
Measured color results of fresh and dried banana slices

analysis results indicated that drying method (p < 0.05) had
a significant effect on the thickness shrinkage of the final prod-
uct. Since regular FD sample was not predehydrated, structural
rigidity was created during the freezing stage of the drying
process. This rigidity prevented collapse of the solid matrix af-
ter drying (Mujumdar, 1995). The thickness shrinkages were
5.9% and 11.5% for the regular FD samples with and without
acid dip, respectively. Compared to regular FD samples,
SIRFD samples experienced more thickness shrinkage for
both the undipped and dipped samples. Furthermore, more
shrinkage was observed with 40% weight reduction in prede-
hydration than the 20% weight reduction. For example, for the
undipped banana slices, 40% weight reduction samples had
33.6% thickness shrinkage as compared to 23.1% for the
20% weight reduction. This is due to the fact that more mois-
ture was removed from the sample during the predehydration
stage and also longer drying time required to obtain 40%

Fresh banana Drying methods

Without acids dip

With acid dip

Regular FD 4000 W/m?* SIRFD Regular FD 4000 W/m? SIRFD
20% WR 40% WR 20% WR 40% WR
L 65.13+0.70 92.54 +0.08 84.48 4+ 0.03 80.88 & 0.03 93.92 4+ 0.01 87.79 4+ 0.04 85.52 4 0.03
a —1.8640.09 —1.36+0.01 —1.2240.01 —0.1440.02 —1.08 +0.02 —0.97 £ 0.02 —0.4140.02
b 16.43 +0.02 14.44 +0.08 17.54 +0.01 19.18 +0.04 12,92 +0.02 17.40 +0.11 18.86 +0.06

Note: FD — freeze-drying; WR — weight reduction; SIRFD — sequential infrared and freeze-drying.
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Fig. 7. Effect of acid dipping treatment on appearance of dried bananas. (a) Untreated bananas samples, (b) acid treated banana samples.

weight reduction than 20% weight reduction. Ketelaars,
Jomaa, Puigalli, and Coumans (1992) found the shrinkage dur-
ing drying is attributed to moisture removal and stresses devel-
oped during drying.

The shrinkage results also showed that the shrinkage was
affected by the ascorbic and citric acid dip. Statistical analysis
results indicated that acid dip (p < 0.05) had a significant ef-
fect on the shrinkage of the final product. There was a dramatic
decrease in thickness shrinkage for acid dipped slices com-
pared to undipped samples. For example, the thickness shrink-
age decreased from 23.1% of undipped sample to 8.3% of
dipped samples with 20% weight reduction. The extent of
the change in the thickness of banana slices by the dipping
treatment exhibited a considerable variation in literatures.
Demirel and Turhan (2003) found that Cavendish slices shrank
47% during air drying but dipping did not affect the shrinkage
during drying.

3.5. Crispness of banana slices

The crispness of banana slices treated with or without dip-
ping after regular freeze-drying or SIRFD process is shown in
Table 2. The sample processed with SIRFD had much higher
crispness than the samples processed with regular freeze-drying.
The crispness also decreased as weight reduction increased.

40
35
30
25

20 /—:'::

15

i E = =maR

Reg FD 4000 4000 Reg FD 4000 4000
W/m2 W/m2 w/acid dip W/m2 W/m2
SIRFD  SIRFD SIRFD  SIRFD
20% WR 40% WR 20% WR 40% WR
w/ acid dip w/ acid dip

H

Thickness Shrinkage (%)

Drying Treatments

Fig. 8. Thickness shrinkage of dehydrated banana slices under different
treatments.

The crispness was mainly related to the crust formation and
structural change. The 20% weight reduction in predehydra-
tion formed modest crust and created large porous structure
in the central region, resulting in high crispy product. How-
ever, the pores in the central region collapsed and thick crust
formed at high weight reduction level due to IR heating, which
was corresponded to reduced crispness. The similar trend was
also seen in the acid dipped samples. However, the acid dipped
samples had lower crispness than the undipped samples. Sta-
tistical analysis results indicated that drying method
(p <0.05) and acid dip (p <0.05) had a significant effect
on the crispness of the final product.

4. Conclusions

The IR drying had much higher drying rate compared to the
hot air drying. Its drying rate increased remarkably with the
increase of the radiation intensity. The banana chips dried
with SIRFD had much crisper texture and golden color appear-
ance than the regular freeze-dried products. The IR predehy-
dration did not reduce the required drying time during the
subsequent freeze-drying process. It also resulted in more
shrinkage of finished product compared to regular freeze-dried
products. However, the acid dipping treatment was an effective
treatment method for improving the color appearance and re-
ducing the freeze-drying time and the shrinkage. Even though
the drawback of acid dipping was reduced crispness of fin-
ished products compared to undipped products, the products
produced with SIRFD plus acid dipping still had similar or

Table 2
Crispness characteristics of banana slices dried with different treatments

Drying treatments

Reg FD

4000 W/m? SIRFD 20% WR

4000 W/m?* SIRFD 40% WR

Reg FD w/acid dip

4000 W/m? SIRFD 20% WR wi/acid dip
4000 W/m? SIRFD 40% WR w/acid dip

Crispness (g/mm)

1227.5 £ 155.1%
2514.4 +571.0°
1887.1 + 139.3%
1067.9 + 148.9°
1802.5 +339.5°
1513.0 -+ 466.9"

Note: FD — freeze-drying; WR — weight reduction; SIRFD — sequential
infrared and freeze-drying.
Values followed by different letters are significantly different at p < 0.05.
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higher crispness with much whiter color compared to regular
freeze-drying. Therefore, food industry may use SIRFD alone
to produce high crispy product or add dipping treatment to im-
prove the product color.
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